Background {#Sec1}
==========

The intervertebral disc (IVD) is composed of a central gelatinous nucleus pulposus (NP), a peripherally located annulus fibrosus (AF), and the cranial and caudal cartilaginous endplates associated with its capillary beds. In the degenerative IVD, alterations in cellular activity occur, changing the composition and concentration of extracellular matrix proteins: the synthesis of type II collagen and proteoglycans decreases and the synthesis of type I collagen increases, leading to tissue dehydration and fibrosis. Degenerative IVD cells upregulate tissue degradative enzymes, such as the matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs), which play a role in matrix degradation during disc degeneration \[[@CR1]--[@CR3]\]. Interleukin-1β (IL-1β) and tissue necrosis factor-α (TNF-α) are considered to strongly influence these degenerative processes \[[@CR4]\]. Proinflammatory cytokines, including IL-1β and TNF-α, are overexpressed in degenerated and herniated IVDs \[[@CR5], [@CR6]\], resulting in the loss of tissue cellularity by upregulation of genes involved with the apoptotic pathway \[[@CR7], [@CR8]\]. Proinflammatory cytokines also stimulate the expression of matrix-degrading enzymes and decrease the synthesis of matrix proteins, consequently leading to homeostatic imbalance, followed by disruption of the extracellular matrix that characterizes IVD degeneration (see review in \[[@CR8]\]). These biochemical and molecular changes within the degenerated IVD are considered to be associated with low back pain and degenerative disc diseases \[[@CR9], [@CR10]\].

The receptor activator of nuclear factor kappa B (NF-κB) ligand (RANKL), initially identified as a member of the TNF ligand superfamily, is well known to regulate bone metabolism \[[@CR11], [@CR12]\]. Previous studies have shown that the signal from RANKL and its receptor (RANK) play an essential role in the differentiation, activity and survival of osteoclasts \[[@CR10]\]. RANKL interacts with RANK, which is expressed on the membranes of mature osteoclasts and osteoclast precursors, to promote differentiation and activation of osteoclasts. Osteoprotegerin (OPG), which is secreted by stromal cells and osteoblasts, acts as a soluble decoy receptor for RANKL. By binding to RANKL, OPG inhibits the interaction of RANKL-RANK, thereby preventing RANK activation and subsequent osteoclastogenesis \[[@CR11], [@CR12]\].

The RANK/RANKL/OPG system has been shown to be expressed in human articular cartilage; however, its functional role and relevance to the pathogenesis of knee osteoarthritis remains unknown \[[@CR13], [@CR14]\]. On the other hand, RANKL and OPG have also been reported to be expressed by the human IVD and are considered to be involved with the degeneration process of IVDs \[[@CR15]--[@CR18]\]. We previously found the expression of the RANK/RANKL/OPG system in the rat IVD. In the rat IVD, the expression of RANKL is regulated by stimulation with IL-1β and the expression of catabolic factors, such as IL-1β, MMP-3, and MMP-13, is enhanced by stimulation with RANKL in the presence of IL-1β \[[@CR18]\]. Therefore, we hypothesized that the RANK/RANKL/OPG system may play a part in the complex molecular mechanism of human IVD degeneration by interactions with the proinflammatory cytokines network, and that this system would be involved in the degenerative process of the human IVD.

The purposes of this study were (1) to examine the expression of the RANK/RANKL/OPG system by human IVD cells with or without pro-inflammatory stimulation, and (2) to evaluate the effects of the RANK/RANKL/OPG system on the expression of catabolic factors, including proinflammatory cytokines and matrix-degrading enzymes, by human IVD cells under stimulation by pro-inflammatory cytokine (IL-1β).

Methods {#Sec2}
=======

Human IVD tissues {#Sec3}
-----------------

Institutional Review Board (IRB) approval was obtained for this study. Written informed consent was obtained from all patients. Human IVD tissues obtained from spine surgeries were used in this study with 24 donors (average patient age: 64.1 ± 15.9 years-old) and 49 discs (Pfirrmann's magnetic resonance imaging (MRI) \[[@CR18]\] grade: grade 2 (*n* = 7); grade 3 (n = 7); grade 4 (*n* = 32); grade 5 (n = 3), average Pfirrmann grade: 3.6 ± 0.8) (Table. [1](#Tab1){ref-type="table"}). All disc tissues from each donor were cultured at the same time.Table 1Information of donors and intervertebral discs used in this studyPatient \#AgeGenderNumber of IVDsMRI Grade\
(disc level)Experimental Protocol \#135--39Male22 (L1/2, L2/3)1, 2, 5235--39Male22 (T12/L1, L1/2)1, 2365--69Male24 (L3/4, L4/5)1, 2475--79Female15 (L3/4)1565--69Male24 (L3/4, L4/5)1625--29Male22 (L4/5, L5/S1)2765--69Female44 (L2/3, L4/5), 5 (L3/4), 3 (L5/S1)2880--84Female14 (L4/5)3970--74Female44 (L1/2-L4/5)31075--79Female34 (L2/3-L4/5)31165--69Male14 (L4/5)31275--79Female23 (L1/2), 4 (L4/5)31380--84Female24 (L3/4, L4/5)41470--74Female24 (T12/L1, L1/2)41550--54Male14 (L4/5)41665--69Female44 (L2/3-L5/S1)41775--79Female24 (L4/5, L5/S1)41870--74Female14 (L4/5)41975--79Female24 (L3/4, L4/5)1, 42040--44Male12 (L4/5)42155--59Male33 (L2/3, L3/4), 4 (L4/5)42265--69Female23 (L3/4), 4 (L4/5)42365--69Male14 (L5/S1)42480--84Female24 (L3/4, L4/5)4Experimental protocols: 1. Effect of IL-1β stimulation on mRNA levels of RANK/RANKL/OPG; 2. Effect of RANKL on the expression of proinflammatory cytokines and matrix-degrading enzymes with or without IL-1β stimulation; 3. Effect of OPG on the expression of proinflammatory cytokines and matrix-degrading enzymes with or without IL-1β stimulation; 4. Effect of anti-human RANKL antibody on the expression of proinflammatory cytokines and matrix-degrading enzymes with or without IL-1β stimulation; and 5. Immunofluorescent analysis of human IVD cells

Cell culture {#Sec4}
------------

AF and NP cells were separately isolated by sequential enzyme digestion, and cultured in monolayer as previously reported \[[@CR18]\]. In short, following 0.4% Pronase and 0.025% Collagenase P digestion, the cells were washed with Dulbecco's modified Eagle's medium and Ham's F-12 medium (DMEM/F12; Gibco, Palo Alto, CA, USA), and cultured in monolayer at 4.0 × 10^4^ cells/mL with 5% CO2, 95% air in complete medium (DMEM/F12 containing 10% fetal bovine serum (FBS), 25 μg/mL ascorbic acid, and 50 μg/mL gentamicin). The medium was changed every third day. Primary cultured cells were used in all the experiments conducted in this study. The cells in 6-well plates were pre-cultured up to 80% confluency (approximately 7 days for AF cells or 14 days for NP cells) in all sets of experiments.

Experimental protocol for culture conditions {#Sec5}
--------------------------------------------

### Effect of IL-1β stimulation on mRNA levels of *RANK/RANKL/OPG* {#Sec6}

Six donors (average age: 59.8 ± 18.8 (34--76) years-old, average Pfirrmann grade: 3.4 ± 1.1 (grade 2--5)) were used in this study (Table. [1](#Tab1){ref-type="table"}). AF and NP cells were cultured in serum-free medium for 24 h for serum-starvation. The cells were then cultured in DMEM/F12 containing 0.3% FBS for an additional 24 h with or without recombinant human IL-1β (rhIL-β; R&D Systems, Minneapolis, MN, USA) at 0.1, 1.0, or 10 ng/ml.

### Effect of RANKL on the expression of proinflammatory cytokines and matrix-degrading enzymes with or without IL-1β stimulation {#Sec7}

Five donors (average age: 46.6 ± 20.1 (25--69) years-old, average Pfirrmann grade: 3.7 ± 1.1 (2--5)) were used in this study (Table. [1](#Tab1){ref-type="table"}). Following serum-starvation, the cells were then cultured in DMEM/F12 containing 0.3% FBS for an additional 48 h with or without 10 ng/ml recombinant human RANKL (rhRANKL; Wako Pure Chemical, Osaka, Japan) in the presence or absence of rhIL-1β (1.0 ng/ml).

### Effect of OPG on the expression of proinflammatory cytokines and matrix-degrading enzymes with or without IL-1β stimulation {#Sec8}

Five donors (average age: 74.6 ± 6.7 (66--83) years-old, average Pfirrmann grade: 3.9 ± 0.3 (3--4)) were used in this study (Table. [1](#Tab1){ref-type="table"}). Following serum-starvation, the cells were then cultured in DMEM/F12 containing 0.3% FBS for an additional 48 h with or without recombinant human OPG (rhOPG; Oriental Yeast, Tokyo, Japan) at 0.1 or 1.0 μg/ml in the presence or absence of rhIL-1β (1.0 ng/ml).

### Effect of anti-human RANKL antibody on the expression of proinflammatory cytokines and matrix-degrading enzymes with or without IL-1β stimulation {#Sec9}

Twelve donors (average age 67.6 ± 12.4 (43--84) years-old, average Pfirrmann grade: 3.8 ± 0.5 (3--4)) were used in this study (Table. [1](#Tab1){ref-type="table"}). Among them, the AF tissues were used from 8 donors, and NP tissues from 9 donors. Following serum-starvation, the cells were then cultured in DMEM/F12 containing 0.3% FBS for an additional 48 h with or without anti-human RANKL mouse monoclonal antibody (ahRANKL-mAB; Oriental Yeast, Tokyo, Japan) at 0.1 or 1.0 μg/ml in the presence or absence of rhIL-1β (1.0 ng/ml).

RNA isolation and quantitative real-time polymerase chain reaction (PCR) {#Sec10}
------------------------------------------------------------------------

Total cellular RNA was extracted from human AF and NP monolayer-cultured cells and processed for the synthesis of Complementary DNA (cDNA) as previously reported \[[@CR18]\]. The sample products were stored at − 80 °C until analysis.

Following treatment with IL-1β and/or RANKL, OPG, or anti-human RANKL antibody, the resultant cDNA was amplified for the following target genes: RANK, RANKL, OPG, MMP-3, MMP-13, and IL-1β. Inventoried (ready-made) primers corresponding to target genes were used in this study (Table [2](#Tab2){ref-type="table"}: TaqMan Gene Expression Assays, Applied Biosystems). Real time PCR was performed using the ABI PRISM 7000 Sequence Detection System (Applied Biosystems) as previously reported \[[@CR18]\]. The assay was calibrated using 18S ribosomal RNA (rRNA) as an internal control. The data were normalized by the relative expression of the control group in each set of experiments.Table 2Primers for real-time polymerase chain reaction (PCR)GenesAssay ID^a^Size (bp)*RANK*Hs00921372_m1**75***RANKL*Hs00243522_m167*OPG*Hs00900358_m174*IL-1β*Hs01555410_m191*MMP-3*Hs00968305_m178*MMP-13*Hs00233992_m175*18S rRNA*Hs99999901_s1187RANK receptor activator of nuclear factor kappa B, RANKL rank ligand, OPG osteoprotegerin, IL interleukin, MMP matrix metalloproteinase, rRNA ribosomal RNA. ^a^TaqMan Gene Expression Assays (Applied Biosystems)

Enzyme-linked immunosorbent assay {#Sec11}
---------------------------------

Following treatment with IL-1β and/or anti-human RANKL antibody, the concentration of MMP-3 in the culture medium was evaluated using an enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems) according to the manufacturer's instruction. The samples were stored at − 80 °C until analysis. Evaluations were done in duplicate. To adapt the MMP-3 concentration to the detectable range, the samples with IL-1β treatment were diluted 1000-fold, and the others were diluted 10-fold. Samples and standards were placed in microwells of a microwell plate with a diluent and incubated for 2 h at room temperature. The plate was then washed with washing buffer three times. Human MMP-3 conjugate was added to each well and incubated for 2 h at room temperature. Following washing with washing buffer three times, substrate solution was added to each well and incubated for 30 min at room temperature, protected from intense light. Stop solution was then added to each well and the absorbance of each well was read at 450 nm within 30 min.

Immunofluorescent analysis of human IVD cells {#Sec12}
---------------------------------------------

Human AF and NP cells were monolayer-cultured on 4-chamber slides for 4 days, and processed for the immunofluorescent analysis as previously reported \[[@CR18]\]. In short, the cells were incubated with a mouse monoclonal antibody for RANK (ab12008, 1:500; Abcam, Cambridge, UK), a rabbit polyclonal antibody for RANKL (ab9957, 1:500; Abcam), or a goat polyclonal antibody for OPG (sc-8468, 1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at room temperature. For isotype control, the cells were incubated with mouse isotype-matched immunoglobulin (IgG; Dako, Glostrup, Denmark) instead of the primary antibodies. Secondary antibodies \[Alexa 488 conjugated anti-mouse IgG (1:400; Molecular Probes, Eugene, OR, USA), or anti-rabbit IgG or anti-goat IgG\] were applied for 3 h at room temperature. Nuclei were stained with propidium iodide (1:100; Molecular Probes) for 5 min. The slides were then cover-slipped with Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA). Samples were imaged using a confocal laser scanning microscopy (Fluoview FV1000; Olympus, Tokyo, Japan).

Statistical analysis {#Sec13}
--------------------

The data are expressed as the mean ± standard error. The number of donors used in each study was described above (Table [1](#Tab1){ref-type="table"}). The data were analyzed by one-way analysis of variance (ANOVA) using between-subject factors for the different experimental groups. The post hoc analyses were performed using the Fisher protected least significant differences test. The evaluation of statistical differences between the groups was determined using the Mann-Whitney U test. Significance was accepted at *p* \< 0.05. All statistical analyses were performed using IBM SPSS Statistics (IBM Japan, Tokyo).

Results {#Sec14}
=======

Immunofluorescent analysis of human IVD cells {#Sec15}
---------------------------------------------

Fluorescent-immunoreactivity to RANK, RANKL and OPG was clearly identified in AF and NP monolayer-cultured cells (Fig. [1](#Fig1){ref-type="fig"}). Analysis by confocal microscopy showed that immunoreactivity to RANK was mainly found in cell membranes and cytoplasm of both AF and NP cells (Fig. [1](#Fig1){ref-type="fig"}a, e). RANKL-immunoreactivity was uniformly distributed in the cytoplasm of both AF and NP cells (Fig. [1](#Fig1){ref-type="fig"}b, f). A spot-like immunoreactivity of OPG was identified in the cytoplasm of both AF and NP cells (Fig. [1](#Fig1){ref-type="fig"}c, g). No immunoreactivity was found in the isotype controls (Fig. [1](#Fig1){ref-type="fig"}d, h).Fig. 1Immunohistochemical staining for receptor activator of nuclear factor kappa B (*RANK*)/RANK ligand (*RANKL*)/osteoprotegerin (*OPG*) in cultured annulus fibrosus (*AF*) and nucleus pulposus (*NP*) cells. All the cells were cultured in monolayer for 4 days: **a-d** AF; **e-h** NP. **d**, **h** Isotype controls. Samples were imaged using confocal microscopy. Immunoreactivity (*green*) is clearly seen in the AF, NP cells. Nuclei are stained with propidium iodide (*red*). *Scale bar* 10 μm

mRNA expression of *RANK*, *RANKL* and *OPG* in cultured human IVD cells {#Sec16}
------------------------------------------------------------------------

The qualitative and quantitative assessment of the expression of RANK, RANKL, and OPG were quantified using real-time PCR. Detectable level of mRNA expression of *RANK*, *RANKL*, and *OPG* were clearly identified in both AF and NP cells (Fig. [2](#Fig2){ref-type="fig"}). Although the mRNA expression of *RANK* by NP cells was higher than that of AF cells, there was no significant difference (relative expression in the NP (vs. AF): *RANK* 3.07 ± 0.92, n.s.) (Fig. [2](#Fig2){ref-type="fig"}a). The mRNA expression levels of *RANKL* and *OPG* by NP cells were significantly higher than those by AF cells (relative expression in the NP (vs. AF): *RANKL* 2.77 ± 0.76; *OPG* 4.92 ± 0.74, *p* \< 0.05, respectively) (Fig. [2](#Fig2){ref-type="fig"}b, c). There were no significant differences in the ratio of RANKL/OPG between NP and AF cells (Fig. [2](#Fig2){ref-type="fig"}d).Fig. 2Detection of basal mRNA expressions of receptor activator of nuclear factor kappa B (*RANK*)/ RANK ligand (*RANKL*)/ osteoprotegerin (*OPG*) in annulus fibrosus (*AF)*, and nucleus pulposus (*NP*) cells. The mRNA expressions of *RANK* (a), *RANKL* (b), and *OPG* (c) were quantified by real-time polymerase chain reaction. Their expressions in NP cells were normalized by those in AF cells. Significantly higher mRNA expression levels of *RANKL* and *OPG* were found in NP cells than those in AF cell; \**p* \< 0.05, \*\**p* \< 0.01. There was no significant difference in the expression level of RANK between AF and NP cells. The ratio of *RANKL*/*OPG* (d) in NP cells had a tendency to be higher compared to that in AF cells

Effect of IL-1β treatment on mRNA levels of *RANK*, *RANKL* and *OPG* {#Sec17}
---------------------------------------------------------------------

IL-1β stimulation induced a significant but mild increase of mRNA expression of RANK in AF and NP cells (relative expression (vs. control): IL-1β 0.1 ng/mL: AF 2.0 ± 0.26, *p* \< 0.01, NP 1.93 ± 0.23, *p* \< 0.05; IL-1β 1.0 ng/mL: NP 2.66 ± 0.73, *p* \< 0.05; IL-1β 10 ng/mL: AF 1.95 ± 0.27, *p* \< 0.01) (Fig. [3](#Fig3){ref-type="fig"}a, b).Fig. 3The effect of interleukin-1 beta (IL-1β) on mRNA levels of receptor activator of nuclear factor kappa B (*RANK*)/ RANK ligand (*RANKL*)/ osteoprotegerin (*OPG*) in annulus fibrosus (*AF*) and nucleus pulposus (*NP*) cells. The mRNA expressions of *RANK* (**a**, **b**), *RANKL* (**c**, **d**), and, *OPG* (**e**, **f**) by AF (a, c, e) and NP (**b**, **d**, **f**) cells were quantified by real-time polymerase chain reaction. Stimulation with IL-1β significantly increased mRNA expression of *RANK*, *RANKL*, and *OPG* by both AF and NP cells. There was a tendency that the ratio of RANKL/OPG by both AF and NP cells (**g**, **h**) was increased by stimulation with IL-1β: \**p* \< 0.05, \*\**p* \< 0.01 vs. control

The mRNA expression levels of RANKL in both AF and NP cells were significantly upregulated by IL-1β (1.0 ng/mL) (relative expression (vs. control): AF 6.68 ± 1.41; NP 5.80 ± 1.04; *p* \< 0.01, respectively), and by IL-1β (10 ng/mL) (relative expression (vs. control): AF 6.26 ± 1.00; NP 8.10 ± 1.02; *p* \< 0.01, respectively) (Fig. [3](#Fig3){ref-type="fig"}c, d).

The mRNA expression levels of OPG in both AF and NP cells were significantly upregulated by treatment with IL-1β at 0.1 ng/mL (relative expression (vs. control): AF 2.92 ± 0.39; NP 6.35 ± 1.36; *p* \< 0.01, respectively), at 1.0 ng/mL (relative expression (vs. control): AF 3.11 ± 0.34; NP 6.52 ± 1.42; *p* \< 0.01, respectively), and at 10 ng/mL (relative expression (vs. control): AF 3.17 ± 0.34, *p* \< 0.01; NP 6.00 ± 1.53, *p* \< 0.05) (Fig. [3](#Fig3){ref-type="fig"}e, f). There were no significant changes in the ratio of RANKL/OPG in the presence or absence of IL-1β stimulation by both AF and NP cells (Fig. [3](#Fig3){ref-type="fig"}g, h).

Effect of RANKL on the mRNA expression levels of proinflammatory cytokines and matrix-degrading enzymes {#Sec18}
-------------------------------------------------------------------------------------------------------

The mRNA expression levels of IL-1β, MMP-3, and MMP-13 in AF and NP cells were quantified using real-time PCR (Fig. [4](#Fig4){ref-type="fig"}). Treatment with RANKL alone did not induce a significant change in the expression of IL-1β (Fig. [4](#Fig4){ref-type="fig"}a, b), MMP-3 (Fig. [4](#Fig4){ref-type="fig"}c, d), and MMP-13 (Fig. [4](#Fig4){ref-type="fig"}e, f) by both AF and NP cells. However, stimulation with IL-1β significantly upregulated the mRNA expression of MMP-3 (Fig. [4](#Fig4){ref-type="fig"}c, d) in both AF and NP cells and that of MMP-13 in NP cells (Fig. [4](#Fig4){ref-type="fig"}f) (relative expression: RANKL 0 μg/ml + IL-1β (vs. control): AF: *MMP-3* 43.34 ± 12.95, *p* \< 0.05; NP: *MMP-3*237.47 ± 42.88, *p* \< 0.01; *MMP-13* 19.91 ± 4.88, *p* \< 0.05). The mRNA expression levels of MMP-3 in AF cells and those of MMP-13 in both AF and NP cells were significantly further upregulated by stimulation of RANKL with rhIL-1β (1.0 ng/mL) compared to those of rhIL-1β only (relative expression: RANKL 10 ng/mL + IL-1β (vs. RANKL 0 ng/mL + IL-1β), AF: *MMP-3* 2.75 ± 0.38; *MMP-13* 6.20 ± 1.82; NP: *MMP-13* 1.69 ± 0.35; *p* \< 0.01, respectively). There were no significant differences in the expression levels of IL-1β in both AF and NP cells, and those of MMP-3 in NP cells.Fig. 4The effect of receptor activator of nuclear factor kappa B ligand (RANKL) on the mRNA expression of matrix-degrading enzymes and proinflammatory cytokines with or without recombinant human interleukin-1 beta (rhIL-1β) stimulation. The mRNA expression of *IL-1β* (a, b), matrix metalloprotease (*MMP*)*-3* (c, d), and *MMP-13* (e, f) by annulus fibrosus (AF) (a, c, e) and nucleus pulposus (NP) (b, d, f) cells were quantified by real-time polymerase chain reaction. The mRNA expression levels of *MMP-3* by AF cells and those of *MMP-13* by both AF and NP cells were significantly upregulated by stimulation of rhRANKL with rhIL-1β (1.0 ng/mL). Similar, but not significant trends were also identified in the expression level of *IL-1β* by both AF and NP cells, and that of *MMP-3* by NP cells: \**p* \< 0.05, \*\**p* \< 0.01

Effect of OPG on the expression of proinflammatory cytokines and matrix-degrading enzymes {#Sec19}
-----------------------------------------------------------------------------------------

The mRNA expression levels of IL-1β, MMP-3, and MMP-13 by AF and NP cells were quantified using real-time PCR (Fig. [5](#Fig5){ref-type="fig"}). Treatment with IL-1β at 1.0 ng/ml significantly upregulated the mRNA expression levels of both IL-1β (Fig. [5](#Fig5){ref-type="fig"}a, b), MMP-3 (Fig. [5](#Fig5){ref-type="fig"}c, d), and MMP-13 (Fig. [5](#Fig5){ref-type="fig"}e, f) by both AF and NP cells (relative expression: OPG 0 μg/ml + IL-1β (vs. control): AF: *IL-1β* 477.75 ± 289.11; *MMP-3* 1829.59 ± 661.95; *MMP-13* 29.53 ± 8.08; NP: *IL-1β* 83.00 ± 28.94; *MMP-3* 384.92 ± 154.13; *MMP-13* 15.08 ± 5.80, *p* \< 0.01, respectively). Treatment with OPG alone did not induce a significant effect on the mRNA expression of IL-1β, MMP-3, and MMP-13 by both AF and NP cells. However, OPG significantly suppressed the expression of IL-1β by AF and NP cells (Fig. [5](#Fig5){ref-type="fig"}a, b), MMP-3 by NP cells (Fig. [5](#Fig5){ref-type="fig"}d), and MMP-13 by AF cells (Fig. [5](#Fig5){ref-type="fig"}e) upregulated by IL-1β (1.0 ng/mL) stimulation (relative expression: OPG 1.0 μg/mL + IL-1β (vs. OPG 0 μg/mL + IL-1β), AF: *IL-1β* 0.77 ± 0.29; *MMP-13* 0.77 ± 0.22; *p* \< 0.01, respectively, NP: *IL-1β* 0.62 ± 0.19, *p* \< 0.01; *MMP-3* 0.81 ± 0.26, *p* \< 0.05). There were no significant differences in the expression levels of MMP-3 by AF cells and those of MMP-13 by NP cells.Fig. 5The effect of osteoprotegerin (OPG) on the mRNA expression of matrix-degrading enzymes and proinflammatory cytokines with or without recombinant human interleukin-1 beta (rhIL-1β) stimulation. The mRNA expression of *IL-1β* (**a**, **b**), matrix metalloprotease (*MMP*)*-3* (**c**, **d**), and *MMP-13* (e, f) by annulus fibrosus (AF) (**a**, **c**, **e**) and nucleus pulposus (NP) (**b**, **d**, **f**) cells were quantified by real-time polymerase chain reaction. Treatment with OPG in the presence of rhIL-1β (1.0 ng/mL) significantly downregulated the mRNA expression levels of *IL-1β* by both AF and NP cells*, MMP-3* by NP cells and *MMP-13* by AF cells. There was a similar trend in the expression levels of *MMP-3* by AF cells and that of *MMP-13* by NP cells: \**p* \< 0.05, \*\**p* \< 0.01

Effect of anti-human RANKL antibody on the expression of proinflammatory cytokines and matrix-degrading enzymes {#Sec20}
---------------------------------------------------------------------------------------------------------------

The mRNA expression levels of IL-1β, MMP-3, and MMP-13 by AF and NP cells were quantified using real-time PCR (Fig. [6](#Fig6){ref-type="fig"}). Treatment with IL-1β at 1.0 ng/ml significantly upregulated the expression levels of IL-1β, MMP-3, and MMP-13 by both AF and NP cells (relative expression: ahRANKL-mAB 0 μg/ml + IL-1β (vs. control): AF: *IL-1β* 136.72 ± 34.42; *MMP-3* 684.99 ± 335.81; *MMP-13* 92.98 ± 28.04; *p* \< 0.01, respectively, NP: *IL-1β* 9647.31 ± 7213.02, *p* \< 0.05; *MMP-3* 971.23 ± 336.88, *p* \< 0.01; *MMP-13* 29.17 ± 8.46, *p* \< 0.01) (Fig. [6](#Fig6){ref-type="fig"}a-f). Treatment by ahRANKL-mAB alone did not induce a significant change in the mRNA expression of IL-1β, MMP-3, and MMP-13 by both AF and NP cells. However, ahRANKL-mAB treatment significantly suppressed the expression of IL-1β (Fig. [6](#Fig6){ref-type="fig"}a) and MMP-13 (Fig. [6](#Fig6){ref-type="fig"}e) by AF cells and that of *MMP-3* by both AF and NP cells (Fig. [6](#Fig6){ref-type="fig"}c, d) upregulated by IL-1β (1.0 ng/mL) stimulation (relative expression: ahRANKL-mAB 1.0 μg/mL + IL-1β (vs. ahRANKL-mAB 0 μg/mL + IL-1β): AF: *IL-1β* 0.32 ± 0.10; *MMP-3* 0.37 ± 0.13; *MMP-13* 0.46 ± 0.13; NP: *MMP-3* 0.36 ± 0.06; *p* \< 0.01, respectively). There were no significant differences in the mRNA expression levels of IL-1β and MMP-13 by NP cells.Fig. 6The effect of anti-human receptor activator of nuclear factor kappa B ligand mouse monoclonal antibody (ahRANKL-MCA) on the mRNA expression of matrix-degrading enzymes and proinflammatory cytokines with or without recombinant human interleukin-1 beta (rhIL-1β) stimulation. The mRNA expression of *IL-1β* (**a**, **b**), matrix metalloprotease (*MMP*)*-3* (**c**, **d**), and *MMP-13* (**e**, **f**) by annulus fibrosus (AF) (**a**, **c**, **e**) and nucleus pulposus (NP) (**b**, **d**, **f**) cells were quantified by real-time polymerase chain reaction. ahRANKL-MCA significantly suppressed the expression of *IL-1β, MMP-3 and MMP-13* by AF cells and that of *MMP-3* by NP cells upregulated by rhIL-1β (1.0 ng/mL) stimulation. There was a similar trend in the expression levels of *IL-1β* and *MMP-13* by NP cells: \**p* \< 0.05, \*\**p* \< 0.01

The protein level of MMP-3 in the culture medium of AF and NP cells was evaluated using an ELISA kit (Fig. [7](#Fig7){ref-type="fig"}). Treatment with IL-1β (1.0 ng/mL) significantly upregulated the protein expression of MMP-3 by both AF and NP cells. Although treatment with ahRANKL-mAB alone did not induce significant changes in the concentration of MMP-3 in the culture medium, ahRANKL-mAB significantly reduced the protein level of MMP-3 in the culture media of NP cells upregulated by IL-1β stimulation (Fig. [7](#Fig7){ref-type="fig"}b). In AF cells, a similar, but not significant, trend was identified (Fig. [7](#Fig7){ref-type="fig"}a).Fig. 7The effect of anti-human receptor activator of nuclear factor kappa B ligand mouse monoclonal antibody (ahRANKL-MCA) on the protein level of matrix metalloprotease (*MMP*)*-3* in the culture medium of cells with or without recombinant human interleukin-1 beta (rhIL-1β) stimulation. The protein level of *MMP-3* in the culture medium of annulus fibrosus (AF) and nucleus pulposus (NP) cells was quantified by an enzyme-linked immunosorbent assay (ELISA). Treatment with IL-1β (1.0 ng/mL) significantly upregulated the protein expression of MMP-3 by both AF and NP cells. ahRANKL-mAB significantly reduced the protein level of MMP-3 in the culture media of NP cells upregulated by IL-1β stimulation (b). In AF cells, a similar, but not significant, trend was identified (a)

Discussion {#Sec21}
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In this study, the constitutive expression of RANK, RANKL and OPG by human AF and NP cells was identified. In particular, the basal expression levels of the three molecules in NP cells were higher than those in AF cells. Stimulation with exogenous IL-1β remarkably upregulated the expression of RANK, RANKL and OPG by both AF and NP cells. The administration of exogenous RANKL alone did not induce a change in the expression of catabolic factors, including proinflammatory cytokines (e.g., IL-1β) and matrix-degrading enzymes (e.g., MMP-3 and -13) by human AF and NP cells. Interestingly, these catabolic factors were however significantly upregulated by treatment with RANKL in the presence of IL-1β. On the other hand, the administration of rhOPG in the presence of IL-1β suppressed the expression of catabolic factors by human AF and NP cells upregulated by IL-1β stimulation. A similar effect was identified by treatment with anti-human RANKL monoclonal antibody (ahRANKL-mAB) in the presence of IL-1β.

Our quantitative mRNA analysis showed that the constitutive expression of the RANK/RANKL/OPG system in NP cells was higher than that in AF cells. The NP in the adult human IVD, originally derived from the central notochord in the embryo, is rich in chondrocyte-like cells, whereas the AF, derived from mesenchymal tissue surrounding the central notochord, is rich in fibrocartilage-like cells \[[@CR1], [@CR19]\]. The biological difference between NP and AF cells might account for the differences in the constitutive expression of the RANK/RANKL/OPG system. Byron et al. reported that a high concentration of OPG was found in the culture media of equine articular chondrocytes compared to that of equine articular synovial fibroblasts \[[@CR20]\], suggesting that the production of OPG was higher in a chondrocytic phenotype than in a fibroblastic phenotype. Similar to the results of Byron's study, the results of this study suggest that the basal metabolism activity of the RANK/RANKL/OPG system in NP cells is higher than that in AF cells.

To imitate the micro-environment in degenerated IVDs in which proinflammatory cytokines were overexpressed \[[@CR5]\], in this study, human IVD cells were cultured in the presence of proinflammatory cytokine IL-1β. Stimulation with IL-1β significantly upregulated the mRNA expressions of RANK/RANKL/OPG. The expression of RANKL and OPG was more upregulated by IL-1β stimulation than that of RANK. Similar findings on the stimulative effects of IL-1β have been reported for osteoblasts \[[@CR21]--[@CR23]\]; the imbalance among RANK/RANKL/OPG expressions is considered to be associated with the progression of inflammatory osteolytic diseases \[[@CR24]\]. Therefore, we speculated that the imbalance of these molecules by human IVD cells might be related to the homeostatic imbalance that is found in the pathogenesis of human IVD degeneration.

Our previous study evaluated the expression of the RANK/RANKL/OPG system in human IVD tissues using immunohistochemical methods \[[@CR18]\]. Semiquantitative immunohistochemical analysis revealed the general trend that the expression of RANK/RANKL/OPG was higher in human IVD tissues in an advanced stage of degeneration compared to that in an early stage of degeneration; these results correspond to the results of pro-inflammatory responses of human IVD cells in vitro in the present study. Therefore, the results of this study further support the hypothesis that the RANK/RANKL/OPG system plays a part in the pathogenesis of human IVD degeneration in the presence of a cytokines network.

To evaluate the effect of RANKL on the matrix metabolism (especially catabolic pathways) of human IVD cells, in the present study, the cells were cultured with RANKL in the presence or absence of proinflammatory stimuli (IL-1β). Similar to the results in our previous study using rat IVD cells \[[@CR18]\], the administration of RANKL alone had no significant effect on the expression of catabolic factors, such as IL-1β and MMPs, by human AF and NP cells. However those expressions were significantly more accelerated by RANKL stimulation with proinflammatory stimuli (IL-1β) than those of IL-1β alone.

Komuro et al. \[[@CR13]\] have previously reported that RANKL alone did not induce the activation of NF-kappa B and the expression of proinflammatory mediators, and concluded that RANKL alone has no effect to stimulate the catabolic factors that are relevant to the pathogenesis of osteoarthritis. For this reason, Kwan et al. \[[@CR14]\] have pointed out the small proportion of RANK-positive cells in human articular chondrocytes. From the results of our and previous studies \[[@CR13], [@CR14], [@CR25], [@CR26]\], we speculate that proinflammatory cytokines, including IL-1β, may have the ability to enhance RANKL signaling by affecting the quantity and/or quality (isoforms) \[[@CR25], [@CR26]\] of RANK found in human IVD cells. In short, RANKL may have the potential to stimulate the expression of catabolic factors in the proinflammatory cytokines-rich environment of degenerated IVDs.

To evaluate the effect of OPG on the expression of catabolic factors, in this study human IVD cells were cultured with rhOPG with or without IL-1β stimulation. Previous studies by Komuro et al. \[[@CR13]\], in which human articular chondrocytes were cultured with OPG, showed no significant effect of OPG on the collagenase activity of human chondrocytes; however, Kwan et al. \[[@CR14]\] showed that the protein level of MMP-13 and PAR-2 was significantly upregulated by OPG-Fc (composed of the RANKL-binding domains of OPG linked to the Fc portion of IgG). Kadri A. et al. \[[@CR27]\] reported in a murine osteoarthritis model that the systemic administration of OPG suppressed the expression of ADAMTS-4 and ADAMTS-5 by murine articular chondrocytes and prevented cartilage degradation in vivo. Thus, the effect of OPG on the induction of catabolic factors by articular chondrocytes has been controversial. The results of our study in human IVD cells demonstrated a general trend that the mRNA expression of catabolic factors stimulated by IL-1β was significantly suppressed by the administration of recombinant human OPG (rhOPG). This suggests that the addition of exogenous rhOPG would suppress RANKL signaling by interacting with the RANK-ligand that had been enhanced by IL-1β stimulation. Shimizu et al. \[[@CR28]\] reported that the intra-articular administration of rhOPG prevented the progression of knee osteoarthritis in a murine model of osteoarthritis, supporting the inhibitory effect of OPG on the progression of matrix degradation in an inflammatory environment. The results of our and Shimizu's \[[@CR28]\] studies suggest the possibility that OPG could be applied for the treatment of human IVD degeneration by inhibiting RANKL signaling.

To further identify the inhibitory effect of RANKL signaling on the expression of catabolic factors by human IVD cells, the activity of RANKL was next specifically neutralized by anti-human RANKL monoclonal antibody (ahRANKL-mAb). The results of this study have shown, for the first time, that the ahRANKL-mAb has the potential to decrease the mRNA expression of catabolic factors upregulated by proinflammatory stimuli, including IL-1β. In addition, the quantity of MMP-3 released into the medium was also significantly suppressed by ahRANKL-mAb. These results also support our finding that RANKL has a potential role in regulating the expression of catabolic factors that are relevant to the pathogenesis of disc degeneration in the presence of proinflammatory stimuli.

It is now well known that a fully human monoclonal IgG2 antibody that specifically targets RANKL, 'denosumab', remarkably improves systemic bone mineral density in patients with osteoporosis \[[@CR29]\]. Recent clinical studies have shown that 'denosumab' inhibited the progression of bone erosion in inflammatory diseases, such as rheumatoid arthritis \[[@CR30], [@CR31]\]. More, recently, anti-RANKL monoclonal antibody was systemically administered in a delayed-type hypersensitivity arthritis model; the treatment reduced the destruction of the subchondral bone and, in addition, serum levels of serum amyloid P component and MMP-3 \[[@CR32]\]. Although these studies showed evidence that the systemic administration of anti-RANKL antibody inhibited bone destruction or erosion in inflammatory diseases or conditions, its inhibitory effect on cartilage degradation has not been proved \[[@CR30]--[@CR32]\].

Interestingly, Sato et al. \[[@CR33]\] reported that the administration of anti-RANKL antibody to punctured rat intervertebral discs significantly downregulated the expression of proinflammatory cytokines, such as IL-6 and TNF-α, in dorsal root ganglion (DRG) neurons innervating the injured disc. Their results suggest that anti-RANKL antibody may have the potential to suppress the inflammatory response that is associated with pain transmission within the degenerated discs. The results of this study and Sato's studies suggest that anti-RANKL antibody might have inhibitory effects against the inflammatory responses that are relevant to the progression of human IVD degeneration.

In 2008, Neogi et al. \[[@CR34]\] reported in the secondary analysis of data from the fracture intervention trail (FIT) that the alendronate (ALN) treatment group showed lower spinal osteophyte and disc height narrowing scores than the placebo group, suggesting that the administration of bisphosphonate (ALN) would be responsible for the inhibitory effect on the progression of disc degeneration.

Luo and colleagues \[[@CR35]\] evaluated the effect of ALN on lumbar IVD degeneration related to osteoporosis using an overiectomized (OVX) rat model. They reported that administration of alendronate in the OVX rat model significantly prevented cartilage endplate thickening, and improved histological scores of disc degeneration, suggesting that ALN treatment was effective in delaying the process of rat disc degeneration \[[@CR35]\]. Thereafter, Song et al. \[[@CR36]\] reported in the same animal model that the systemic administration of ALN inhibited disc height narrowing and the alterations of extracellular matrix and cellular components characterized in the degenerative IVD.

Considering these inhibitory effects of ALN on IVD degeneration in osteoporotic animal models, it can be speculated that anti-RANKL treatment may have a similar effect to suppress the progression of IVD degeneration in the patients with osteoporosis.

The inhibition of RANKL signaling would be more specific than the inhibition of IL-1β or TNF-α signaling on inflammatory reactions. Therefore, the authors speculate the possibility that RANKL inhibitors may have the advantage of reducing multiple adverse effects that have been identified by the clinical use of nonspecific immunosuppressive agents, such as TNF-α inhibitors \[[@CR37], [@CR38]\]. In addition, the anti-RANKL antibody, 'denosumab', has been clinically used for osteoporosis patients, and its safety \[[@CR29]--[@CR31]\] and cost-effectiveness compared to other osteoporosis treatments \[[@CR39], [@CR40]\] has been reported. Therefore, the clinical applicability of anti-RANKL antibody treatment for low back pain patients would be high.

There are several limitations in this study. First, all data were obtained from in vitro studies that mimic the in vivo conditions of human IVD degeneration. Second, human IVD samples with different MRI grades of disc degeneration were utilized in this study; therefore, a potential bias regarding the gene expression of RANK/RANKL/OPG and the response of IL-1β, RANKL, OPG or ahRANKL-mAb may exist. Third, this study focused on catabolic factors related to IVD degeneration, thus, further study is needed to evaluate anabolic factors to provide a detailed analysis of the mechanisms of disc degeneration. Fourth, although the effects of IL-1β, RANKL, OPG or ahRANKL-mAb were mainly evaluated by quantitative-PCR, additional evaluations of those effects by examining protein expression, such as by western blot, would further support the results of those mRNA expressions.

Conclusions {#Sec22}
===========

In conclusion, the results of this study showed that the RANK/RANKL/OPG system exists (evaluated at both mRNA and protein levels) in AF and NP cells isolated from human IVD tissues, and that these levels were regulated by proinflammatory stimuli, such as that by IL-1β. In human AF and NP cells, treatment with RANKL, in the presence of proinflammatory stimuli, upregulated the expression of catabolic factors, including proinflammatory cytokines and matrix-degrading enzymes; this result was not seen with treatment with RANKL without proinflammatory stimuli. Therefore, the RANK/RANKL/OPG system would be included in the complex molecular mechanism of human IVD degeneration by interactions with the proinflammatory cytokines network. This is the first study to report that the administration of rhOPG or anti-RANKL antibody induced the downregulation of the expression of catabolic factors that had been upregulated by inflammatory stimuli by both human AF and NP cells. The results of these studies suggest the possibility that the inhibition of aberrant RANKL signaling in pathologic conditions would alleviate the progression of disc degeneration by downregulating catabolic factors, including proinflammatory cytokines and matrix-degrading enzymes, thus suggesting the potential use of OPG or monoclonal anti-RANKL antibody as a therapeutic agent against human IVD degeneration. It would also be of great importance in a future study to evaluate the effect of anti-RANKL antibody and/or rhOPG on the progression of IVD degeneration using an animal model in order to develop a novel treatment of IVD degeneration.
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